Background/Aims: Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is an ideal anti-tumor drug because it exhibits selective cytotoxicity against cancer cells. However, certain cancer cells are resistant to TRAIL, and the potential mechanisms are still unclear. The aim of this study was to reduce the resistance of colorectal cancer (CRC) cells to TRAIL. Methods: Quantitative real-time PCR analysis was performed to detect the expression of microRNA-128 (miR-128) in tissues from patients with CRC and CRC cell lines. MTT assays were used to evaluate the effect of miR-128 on TRAIL-induced cytotoxicity against CRC cell lines. The distribution of death receptor 5 (DR5) and the production of reactive oxygen species (ROS) were detected by flow cytometry analysis. Western blot, flow cytometry, and luciferase reporter assays were performed to evaluate the potential mechanism and pathway of miR-128-promoted apoptosis in TRAIL-treated CRC cells. Results: MiR-128 expression was downregulated in tumor tissues from patients with CRC as well as in CRC cell lines in vitro. The enforced expression of miR-128 sensitized CRC cells to TRAIL-induced cytotoxicity by inducing apoptosis. Mechanistically, bioinformatics, western blot analysis, and luciferase reporter assays showed that miR-128 directly targeted sirtuin 1 (SIRT1) in CRC cells. miR-128 overexpression suppressed SIRT1 expression, which promoted the production of ROS in TRAIL-treated CRC cells. This increase of ROS subsequently induced DR5 expression, and thus increased TRAIL-induced apoptosis in CRC cells. Conclusion: The combination of miR-128 with TRAIL may represent a novel approach for the treatment of CRC.
Introduction
Due to the high incidence of liver metastasis, colorectal cancer (CRC) has a poor prognosis and represents one of the leading causes of cancer-related deaths worldwide [1, 2] . For patients with CRC, especially early-stage patients, surgical resection followed by chemotherapy represents the standard current treatment [3, 4] . However, the clinical use of chemotherapeutic drugs usually induces severe side-effects because continuous chemotherapy is inevitably toxic to normal tissues. Furthermore, chemoresistance is still a major obstacle for the provision of effective treatment to many patients with CRC [5, 6] . Given this, it is urgent to explore novel strategies to overcome the problems of drug resistance and toxicity.
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is an anti-tumor cytokine that belongs to the tumor necrosis factor superfamily. TRAIL binds to death receptors 5 (DR5) located on the surface of cancer cells, and thus activates caspase-8-dependent apoptosis [7] [8] [9] . By contrast, treatment with TRAIL has no effect on normal tissues [10] . Therefore, TRAIL is considered as an ideal anti-tumor drug that exhibits selective cytotoxicity against cancer cells. Given that certain cancer cells are resistant to TRAIL [11, 12] , we explored novel strategies to increase the sensitivity of CRC cells to TRAIL.
MicroRNAs (miRNAs) are endogenous small, non-coding RNAs that suppress gene expression by partially pairing with the 3′ untranslated region (3′-UTR) of targeted mRNAs. MiRNAs have been observed to be dysregulated in almost all human cancers [13, 14] . Correcting the aberrant expression of miRNAs has been shown to inhibit cell proliferation, metastasis, invasion, and chemoresistance in cancers [15, 16] . As recent studies have demonstrated the association between the miRNA expression profile and TRAIL sensitivity in some cancers [17, 18] , we aimed to explore the ability of the combination of TRAIL with miR-128 to enhance TRAIL-induced cytotoxicity against CRC.
Materials and Methods

Cell lines and tissue samples
The human CRC cell lines HT29, SW480, and SW620 and the human normal colon cell line FHC were purchased from the American Type Culture Collection (Manassas, VA). The cells were cultured in Dulbecco's modified Eagle's medium (Gibco, Gaithersburg, MD) with 10% fetal bovine serum (Gibco) at 37 °C in a humidified incubator with 5% CO 2 . Tumor tissues and their corresponding paracancerous tissues were obtained from 30 patients with primary CRC at the Cancer Hospital of China Medical University, Liaoning Cancer Hospital and Institute. We obtained informed consent from all patients, and the experimental protocols were approved by the ethics committee of the Cancer Hospital of China Medical University, Liaoning Cancer Hospital and Institute.
Quantitative real-time polymerase chain reaction
The relative expression of miR-128 and sirtuin 1 (SIRT1) was detected by quantitative real-time PCR (qRT-PCR) on an Applied Biosystems ABI Prism 7900 sequence detection system (Applied Biosystems, Foster City, CA). Briefly, total RNA was extracted with the TRIzol reagent (Invitrogen, Carlsbad, CA). Subsequently, reverse transcription of RNA was performed by using a One Step PrimeScript miRNA cDNA Synthesis Kit (Takara Biotechnology (Dalian) Co., Ltd., Dalian, China) followed by real-time PCR amplification with SYBR Premix Ex Taq (Takara Biotechnology (Dalian) Co., Ltd.). The relative expression of miR-128 and SIRT1 was analyzed by the 2 −ΔΔCT method and normalized to U6 snRNA and GAPDH, respectively.
Cell transfection
Hsa-miR-128 (5′-UCACAGUGAACCGGUCUCUUU-3′) and negative control sequence (miR-NC, 5′-AUCAAUUGGUCUCAGUCGUCC-3′) were purchased from Genechem Co., Ltd. (Shanghai, China). SIRT1 small interfering RNA (siRNA) was purchased from Santa Cruz (Santa Cruz, CA were transfected with miR-128 or miR-NC (50 pmol/mL), SIRT1 plasmid (2 mg/mL), or siRNA (50 pmol/ mL) by using the Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's instructions.
Cell viability
Transfected cells were seeded into 96-well plates at a density of 5.0 × 10 3 cells/well and cultured at 37 °C. After adherence to the plate, the cells were treated with TRAIL (0-30 ng/mL; R&D Systems, Minneapolis, MN) for 48 h. To measure cell viability, 20 μL MTT reagent (5 mg/mL; Sigma-Aldrich, St. Louis, MO) was added to the culture medium and the cells were incubated for 4 h at 37 °C in a humidified incubator with 5% CO 2 . The cells were then suspended in 150 μL dimethyl sulfoxide followed by detection of the absorbance at 570 nm on an enzyme-linked immunosorbent assay microplate reader (Sunrise Microplate Reader; TECAN, Männedorf, Switzerland).
Luciferase assays
The 3′-UTR of SIRT1 containing a putative complementary binding site for miR-128 was synthesized and cloned into the pmiR luciferase reporter (Invitrogen) downstream of the luciferase gene, and designated as the "pmiR-wild SIRT1" plasmid. A "pmiR-mutant SIRT1" plasmid was created by using a site-directed mutagenesis kit (Takara Bio Inc., Kusatsu, Japan). For luciferase assays, the cells were co-transfected with miR-128 (50 pmol/mL) or miR-NC (50 pmol/mL) and reporter plasmids. At 48 h post-transfection, firefly and Renilla luciferase activity was measured consecutively by using a Dual-Luciferase Reporter System Kit (Promega, Madison, WI) according to the manufacturer's protocol. Relative luciferase activity in the miR-128 groups was expressed as a firefly/Renilla luciferase ratio and normalized to the miR-NC groups.
Western blot analysis
Total protein was extracted by lysing the cells in RIPA buffer (Cell Signaling Technology, Danvers, MA). Equal amounts of protein were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane (Millipore, Billerica, MA). Subsequently, the membrane was blocked in 5% skimmed milk before being probed with primary antibodies. Next, the primary antibody-incubated membrane was probed with a suitable horseradish peroxidase-conjugated secondary antibody for 2 h. The blot was then visualized by using an enhanced chemiluminescence detection kit (Pierce Biotechnology, Waltham, MA). In addition, to detect the protein level of truncated Bid (tBid) in mitochondria, a Mitochondria/Cytosol Fraction Kit (BioVision, Milpitas, CA) was used to separate mitochondria from the cytoplasm.
Flow cytometry analysis DR5, apoptosis, reactive oxygen species (ROS) generation, and mitochondrial membrane potential (Δφ) were detected by flow cytometry analyses. To detect DR5 on the cell surface, the cells were incubated with an anti-DR5-PE antibody (R&D Systems) followed by analysis on a flow cytometer (Becton Dickinson, USA). To evaluate cell apoptosis, annexinV-positive (Sigma-Aldrich) cells were measured by flow cytometry. To detect ROS production, the cells were incubated with dihydroethidium (Molecular Probes, Eugene, OR) according to the manufacturer's instructions before analysis on a flow cytometer. To measure Δφ, the cells were stained with 5, 5′,6, 6′-tetrachloro-1, 1′,3, 3′-tetraethylbenzimidazoly-lcarbocyanine iodide (Molecular Probes) and red fluorescence was detected by flow cytometry.
Statistical analysis
The experiments were repeated independently at least 3 times to obtain the data. Statistical analysis was performed by analysis of variance methods using SPSS 15.0 software (SPSS Inc., Chicago, IL). Differences were considered statistically significant for P-values < 0.05.
Results
Dysregulation of miR-128 in CRC
To investigate the potential role of miR-128 in CRC, we examined its expression levels in CRC cells in vivo and in vitro. In CRC patients, we observed a significant decrease of miR-128 expression in tumor tissues compared to their corresponding paracancerous tissues (Fig. 1A) . In CRC cell lines, we found that miR-128 expression was clearly lower in the HT29, SW480, and SW620 CRC cell lines than in the FHC normal colon cell line (Fig. 1B) . Taken together, these results demonstrated the dysregulation of miR-128 expression in CRC.
miR-128 sensitizes CRC cells to TRAIL-induced cytotoxicity
To investigate the association between miR-128 dysregulation and TRAIL resistance in CRC, we restored the expression of miR-128 in HT29, SW480, and SW620 CRC cells by transfection with miR-128 mimics ( Fig. 2A) . Subsequently, we performed MTT assays to evaluate the sensitivity of these transfected cells to TRAIL. As shown in Fig. 2B , transfection with miR-128 dramatically enhanced the sensitivity of HT29, SW480, and SW620 cells to TRAIL. We thus demonstrated that the recovery of miR-128 expression could sensitize HT29, SW480, and SW620 CRC cells to TRAIL-induced cytotoxicity.
miR-128 promotes TRAIL-dependent apoptosis and upregulation of DR5 in CRC
As the recovery of miR-128 expression was able to augment the death of SW480 cells when they were under low-dose TRAIL treatment (5 ng/mL), we performed the following experiments to explore the mechanisms of miR-128-promoted cell death in this CRC cell line. TRAIL binds to DR5 and thus triggers apoptotic cell death in cancer cells [7] . As expected, we found that the recovery of miR-128 expression in SW480 cells enhanced TRAIL-induced apoptosis (Fig. 3A) . However, we found that single treatment with miR-128 had no effect 
on the levels of DR5 on the surface of SW480 cells (Fig. 3B) . Interestingly, the recovery of miR-128 expression increased the expression of DR5 on SW480 cells when they were under TRAIL treatment (Fig. 3C ). Taken together, these results suggested that the combination of miR-128 with TRAIL promoted the TRAIL-dependent upregulation of DR5 expression through an indirect pathway, and thus enhanced TRAIL-induced cell apoptosis in CRC.
miR-128 targets SIRT1 in CRC
To explore the mechanisms underlying the functions of miR-128 in CRC, we searched for potential mRNA targets of miR-128 by using the public miRNA databases of TargetScan, miRanda, and PicTar. SIRT1 was predicted as a target by all of these predictive tools and contained a complementary site paired with miR-128 (Fig. 4A) . Furthermore, SIRT1 was found to be overexpressed at both the mRNA level ( Fig. 4B and 4C ) and protein level (Fig.  4D) in CRC tissues and cell lines compared with paracancerous tissues and the FHC normal colon cell line, respectively. This suggested a potential negative correlation between SIRT1 expression and miR-128 level in CRC. Next, we found that SIRT1 was decreased in SW480 cells following transfection with miR-128 at both the mRNA and protein level (Fig. 4E and  4F ), which indicated that SIRT1 expression was regulated by miR-128. To confirm that miR-128 directly targeted the 3′-UTR of SIRT1, we inserted the 3′-UTR (either wild-type or mutated) of SIRT1 into a pmiR luciferase reporter and co-transfected it with miR-128 mimics. We observed that co-transfection with miR-128 significantly inhibited the luciferase activity of the reporter containing wild-type SIRT1 3′-UTR, but had no effect on the reporter containing the mutant one (Fig. 4G) . Taken together, these findings demonstrated that miR-128 targeted SIRT1 in CRC.
miR-128 sensitizes CRC cells to TRAIL-induced cytotoxicity by suppressing SIRT1
To investigate whether miR-128-promoted cell death was dependent on the SIRT1 pathway, we performed gain-of-function and loss-of-function experiments in SW480 cells. Similarly with miR-128, we found that transfection with SIRT1 siRNA significantly decreased the level of SIRT1 protein in TRAIL-treated SW480 cells (Fig. 5A) . On the other hand, transfection with the SIRT1-expressing plasmid abolished the inhibition of SIRT1 expression by miR-128 in TRAIL-treated SW480 cells (Fig. 5B) . MTT assays showed that SIRT1 knockdown with siRNA significantly sensitized SW480 cells to TRAIL-induced cytotoxicity. The effect of SIRT1 siRNA was similar to that of miR-128 (Fig. 5C ). By contrast, the enforced expression of SIRT1 in SW480 cells abolished the effect of miR-128 on sensitizing SW480 cells to TRAIL-induced cytotoxicity (Fig. 5D ). Taken together, these results demonstrated that miR-128 sensitized CRC cells to TRAIL-induced cytotoxicity by suppressing the expression of SIRT1. 
miR-128 sensitizes CRC cells to TRAIL-induced cytotoxicity through the SIRT1/ROS/DR5 pathway
Our preceding results showed that miR-128 promoted the TRAIL-dependent upregulation of DR5 expression through an indirect pathway. We next explored the potential mechanisms by which miR-128 promoted TRAIL-induced cell death in CRC. Flow cytometry analysis showed that single treatment with miR-128 did not induce ROS production in 
SW480 cells. However, the combination of miR-128 with TRAIL enhanced the production of ROS significantly. On the other hand, the miR-128/TRAIL-promoted production of ROS was inhibited by either N-acetylcysteine (NAC), which is an ROS scavenger [19] , or the SIRT1 plasmid (Fig. 6A) , indicating that miR-128 targeted SIRT1 to enhance the generation of ROS induced by TRAIL in CRC. Western blot analysis showed that the combination of miR-128 with TRAIL clearly increased the expression of DR5 in TRAIL-treated SW480 cells. However, the miR-128-promoted overexpression of DR5 was inhibited by either the SIRT1 plasmid or NAC (Fig. 6B) . This indicated that miR-128 promoted the expression of DR5 in TRAILtreated CRC cells indirectly through the SIRT1/ROS pathway. MTT assays showed that the combination of miR-128 with TRAIL induced significant cell death in SW480 cells. However, Fig. 6 . miR-128 sensitizes CRC cells to TRAIL-induced cytotoxicity through the SIRT1/ROS/DR5 pathway. A: Flow cytometry analysis was performed to detected ROS production in SW480 cells treated with TRAIL (5 ng/mL), miR-128 (50 pmol/mL), SIRT1 plasmid (2 μg/mL), and NAC (2 mM). B: Western blot analysis was performed to evaluate DR5 expression in SW480 cells treated with TRAIL (5 ng/mL), miR-128 (50 pmol/ mL), SIRT1 plasmid (2 μg/mL), and NAC (2 mM). * P<0.05 vs. TRAIL + miR-NC group; # P<0.05 vs. TRAIL + miR-128 group. C: Effect of the SIRT1 plasmid (2 μg/mL) and NAC (2 mM) on inhibiting the death of SW480 cells co-treated with TRAIL (5 ng/mL) and miR-128 (50 pmol/mL). *P<0.05 vs. TRAIL + miR-128 group. D: Effect of the SIRT1 plasmid (2 μg/mL) and NAC (2 mM) on inhibiting the apoptosis of SW480 cells cotreated with TRAIL (5 ng/mL) and miR-128 (50 pmol/mL). *P<0.05 vs. TRAIL + miR-128 group. 
the SIRT1 plasmid or NAC protected SW480 cells from the cytotoxicity of TRAIL and miR-128 co-treatment (Fig. 6C ). In addition, the SIRT1 plasmid or NAC inhibited the apoptosis of SW480 cells co-treated with TRAIL and miR-128 (Fig. 6D) . Taken together, we demonstrated that miR-128 sensitized CRC cells to TRAIL-induced cytotoxicity through the SIRT1/ROS/ DR5 pathway.
miR-128 promotes TRAIL-induced mitochondrial apoptosis in CRC
We next investigated the effect of miR-128 on the TRAIL signaling pathway in CRC. As the conjugation of TRAIL and DR5 initiates caspase-8-dependent apoptosis [16] , we first evaluated the effect of miR-128 on the TRAIL-induced activation of caspase-8 in SW480 cells. As shown in Fig. 7A , the combination of miR-128 with TRAIL clearly increased the cleavage of caspase-8. However, the SIRT1 plasmid or NAC inhibited caspase-8 activation in TRAIL [20] . Our results showed that miR-128 significantly enhanced the translocation of tBid to mitochondria in TRAIL-treated SW480 cells (Fig. 7B) . Subsequently, we found that co-treatment with miR-128 and TRAIL significantly enhanced the ability of TRAIL to decrease mitochondrial membrane potential (Δφ) in SW480 cells (Fig. 7C) . As a result of mitochondrial collapse in TRAIL and miR-128 co-treated SW480 cells, the mitochondrial apoptosis inducers caspase-9 and caspase-3 were found to be significantly activated (Fig. 7D) . Taken together, we demonstrated that miR-128 promoted TRAIL-induced mitochondrial apoptosis through the SIRT1/ROS/DR5 pathway in CRC.
Discussion miR-128 is considered to be a tumor suppressor that impedes tumor growth and metastasis in a variety of cancers [21] [22] [23] . Moreover, the aberrant expression of miRNAs has been demonstrated to be involved in the mechanisms of drug resistance in tumors. Among them, miR-128 is usually downregulated in cancer cells, which contributes to their resistance to many antineoplastic drugs such as cisplatin, doxorubicin, and gefitinib [24] [25] [26] . However, the potential role of miR-128 in TRAIL treatment in CRC is still unclear. In the present study, we observed a significant downregulation of miR-128 expression in tumor tissues from patients with CRC and cell lines. Consistent with the above reports, we demonstrated that miR-128 is a potential tumor suppressor in CRC. More importantly, the present study showed that the aberrant expression of miR-128 was associated with TRAIL resistance in CRC. The recovery of miR-128 expression was found to increase TRAIL cytotoxicity against CRC cells.
In the TRAIL-dependent cell death signaling pathway, TRAIL couples with DR5 on the surface of cancer cells to form the death-inducing signaling complex (DISC). DISC cleaves its substrate of pro-caspase-8 to convert it into its active form [27] [28] [29] . Subsequently, activated caspase-8 acts upon Bid to convert it into tBid, which is a bridging element between death receptor signaling and mitochondrial apoptosis [30, 31] . Following the translocation of tBid into mitochondria, the outer membrane pore is opened and mitochondrial membrane potential (Δφ) collapses. At the terminus of the TRAIL signaling pathway, caspase-9 and its substrate caspase-3 are activated, which causes apoptotic cell death in cancers [32, 33] . In this study, we found that the combination of miR-128 with TRAIL induced a significant upregulation of DR5 in CRC cells. However, miR-128 single treatment could not increase DR5 expression. Thus, there must be some other indirect pathways by which miR-128 promotes DR5 expression and activates TRAIL signaling.
SIRT1, a cellular histone deacetylase, is usually overexpressed in multiple human cancers. Previous reports indicate that SIRT1 is a potential oncogene that promotes tumor progression and induces drug resistance [34, 35] . High levels of SIRT1 in cancer cells increase the expression of superoxide dismutase, which is a key cellular antioxidant, and thus decreases the generation of ROS, which promote apoptosis through a variety of pathways [36, 37] . In the TRAIL signaling pathway, the increased generation of ROS upregulates DR5 expression and thus enhances TRAIL-induced apoptosis in cancer cells [38] [39] [40] . These reports suggest a potential strategy for TRAIL sensitization through the SIRT1/ROS/DR5 pathway.
In this study, we explored whether SIRT1 was a direct target of miR-128 in CRC cells. The recovery of miR-128 expression upregulated the expression of SIRT1, and thus promoted the TRAIL-induced generation of ROS in CRC cells. Although miR-128 could not upregulate DR5 directly, the combination of miR-128 with TRAIL was able to increase DR5 expression through the SIRT1/ROS/DR5 pathway in TRAIL-treated CRC cells. As a result, the recovery of miR-128 expression increased the cellular level of DISC and subsequently enhanced the apoptotic signaling pathway in CRC cells.
